I. Introduction
Implantation of nitrogen ions has been used to increase the wear resistance of metals.1-4 This process does not require the elevated temperatures used for thermal diffusion of nitrogen into metals; in addition, it is not a coating so it has no adhesion problems. lon implantation can be controlled and monitored continuously, and also preferentially sputters surface protrusions, which results in a smoother surface, producing less friction for contacting surfaces such as those found on ball bearings for example.
Nitrogen ion implantation is usually carried out at energies of 1 0-400 kev and dose levels of 1016-1018 ions/cm2. lon sources that can produce nitrogen beams composed mostly of either N+ or N2+ are preferred, because the beam does not need to be magnetically analyzed to obtain the desired ion species. On the other hand, the presence of both N+ and N2+ in the beam results in some nitrogen atoms being deposited with either half or ~ the desired energy, resulting in poor control over the implanted ion depth. lon sources providing a high current density are also highly desirable since less time is spent per part treated for the same ion dose.
Results are presented for two small ion sources; one is a multicusp ion sourceS, and the other is a compact microwave ion sourceS which needs no magnetic field for operation. Both of these ion sources are operated with and without a magnetic filter? near the extraction plane to provide control of the energetic electron population. lon beams with N+, or N2+ concentration greater than 90°/o, have been successfully extracted from the multicusp ion source. For the microwave ion source, N2+ concentrations A samarium cobalt magnetic filter near the plane of extraction divides the chamber into an arc discharge and an extraction region. The filter magnets provide a transverse magnetic field (8 = 250 gauss at the center) which serves to prevent energetic primary electrons from reaching the extraction region. However, positive ions and low energy electrons can diffuse across the filter into the extraction region to form a plasma. This source can be operated both with and without the filter. Ionization of the gas in the tube is initiated by a hand-held Tesla coil.
When properly adjusted, the cavity will maintain a discharge in various gases at pressures ranging from a few milli-torr to several hundred torr. 
Ill. Experimental Results

A. The Multjcusp lon Source
The muticusp ion source can be operated at a variety of arc voltages, arc currents, and gas flow rates. The dependence of the extracted ion species on these operating parameters has been studied in order to determine the most favorable conditions for producing either N+ or N2+
ions. The source is operated without the magnetic filter unless specified.
The arc voltage dependence of the extracted nitrogen ion species was 5 investigated with a constant arc current of 1 .2A and a gas flow of 1 standard cubic centimeter per minute (seem). Results, presented in Fig. 3, show that the N+ concentration increases slowly with the arc voltage up to 120 V. This is to be expected since the cross-section for dissociative ionization of N2, (e + N2 ~ N + N+ + 2e) and (e + N 2 ~ 2N+ + 3e) jointly, increases faster with electron energy than simple ionization of N2, (e + N 2 ~ N 2 + + 2e), in the range of 30-120eV electron energy 1 o.
The species dependence on arc current in the discharge was also examined for an arc voltage of 80V and a gas flow of 1 seem. As illustrated by Fig. 4 , theN+ percentage increases slightly with arc current which is presumably due to the increased production of N+ via two step processes such as dissociation of N2+, (e + N2+ ~ N + N+ +e) or (e + N 2 + ~ 2N+ + 2e), and ionization of atomic nitrogen, (e + N ~ N+ + 2e).
To determine the species dependence on gas flow rate, the ion source was operated with an arc voltage of 80V and an arc current of 2A. Fig. SA is a plot of the ion species distribution in the extracted beam for various gas flow rates when the source is operated without a magnetic filter. Fig.   58 shows the case for source operation with a filter. The behavior for both cases is very similar, showing dominance of N 2 + in the extracted beam at low pressures and N+ at higher pressures. This pressure dependence can be explained in terms of the ionization mean free path of the primary electrons. As gas flow increases, and hence the gas density, the mean free path of the primary electrons becomes shorter and the discharge becomes more intense in the region of the filament. This intense discharge produces more N+ via two step processes. Since the shorter mean free path of the primary electrons tends to restrict the region of maximum ion production,
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... . ' keeping it farther from the extractor, the difference in ion loss rates for N2+ and N+ may account for or contribute to the reduced percentage of N 2 + in the extracted beam: N2+ ions are created with less energy than N+ ions 11. Thus, to reach the extraction area, the N 2 + ions must survive longer than the N+ ions. However, the rate of dissociative recombination of N 2 +, (N 2 + + e-+ N + N+)12, is much higher than the recombination rate of N+, and may in fact be high enough to noticeably depress the amount of N2+ ions reaching the extractor.
The effect of the magnetic filter on the species mix, (as shown in
Figs. SA and 58), is also dramatic. Two reasons may contribute to the large increase in N+ when the filter is used. First, the filter essentially eliminates primary electrons, (and therefore direct ionization of N2)• from a volume of the discharge near the extractor. This leaves a smaller source volume in which the primary electrons deposit their energy creating a more intense discharge in this region, which enhances two step production of N+. The second reason for extracting more N+ is that the transport of the N+ ion species across the magnetic field lines of the filter is much greater than that of N 2 +. N+ ions created by dissociative ionization typically have energies of 0.25eV to several eV, while N2+ is created 'cold'1 0, 11. Thus an N+ ion has a larger gyroradius and passes though the filter field more easily than an N2+ion. Hence, the reduction of N2+ production combined with greater N+ production and transport to the extractor, give the filter discharge a much higher percentage of N+ ions for the given operating parameters.
A beam of N+ ions is often more desirable than N2+ because an ion implanter of a given energy implants nitrogen atoms from a N+ ion beam deeper into the sample than for a N2+ ion beam. To optimize this multicusp ion source for N+ ion production, a filter and a high gas flow of 4 seem was used to enhance two step N+ production; arc voltage was 124V and the arc current was 2.5A. The output signal of the mass spectrometer (Fig. 6A) shows the ion species in the extracte¢ beam. The percentage of N+ was greater than 95o/o. The current density was approximately 8mA/cm2. There were also some impurities in the beam associated with oxygen on the copper walls of the discharge chamber. These could presumably be reduced with the use of oxygen free copper and by baking the chamber under vacuum.
The multicusp source was also operated to produce a high percentage of N2+ in the extracted beam. Such a beam may be useful in situations where beam optics are particularly important. Since N2+ is created with little transverse energy relative toN+, a N2+ ion source would have better emittance than a similar N+ ion source. In order to maximize N 2 + production and to limit N+ production·, the gas flow was reduced to 0.05 seem to create a more diffuse discharge, and the arc current was reduced to 0.13A. The mass spectrum of the extracted beam is shown in Fig. 68 .
The percentage of N 2 + is greater than 90°/o while the current density was 2.5 mA/cm2. Higher arc power levels would produce larger current densities while reducing the N2+ concentration slightly.
B. The Microwave lon Source
The microwave ion source can operate over a broad range of microwave power levels and gas flow rates. The dependence of the nitrogen beam species on both parameters was investigated. The microwave source was . \ operated at a constant gas flow of 1 seem, and the extracted ion species distribution was studied as a function of the absorbed microwave power. Figure 7 shows that there is little variation in the beam composition with the absorbed microwave power. However, extracted current density, (presented in Fig. 8 ), increases linearly with the absorbed microwave power. Figure 9 shows the extracted ion species as a function of gas flow with 200 watts of microwave power. It can be seen that there is little variation in the species mix with gas flow.
A filter has also been tested with the microwave ion source. In this case, the dependence of the nitrogen species mix on microwave power and gas flow are virtually the same as without the filter, although the extractable current density is a little lower when the filter is present.
The species mix for the microwave source is different from the multicusp source mainly because the microwave source does not have a large population of energetic electrons(-80 eV) as in the case of a de filament discharge. As previously discussed, the cross section for dissociative ionization of N2 increases (relative to simple ionization of N2) with higher electron energies. Thus dissociative ionization plays a smaller role in the microwave ion source, resulting in less N+ production by single step processes. Also, as compared to the multicusp source, the ion production zone is fixed by the cavity position. Hence a change of gas pressure, or the addition of a magnetic filter field, has less effect on positive ion extraction in the microwave ion source.
The microwave ion source produces a high percentage of N2+ for most operating conditions. To maximize the N2+ percentage the source was operated with 1 seem of gas flow and 300 watts of power without the magnetic filter. Fig. 10 shows the output of the mass spectrometer which details the extracted ion species. Here, the percentage of N2+ was greater than 85°/o with an extracted current density of 29.8 mA/cm2. The impurity content in the beam was almost negligible.
IV. Conclusion
Results for operation of two types of ion sources with nitrogen gas have been presented. The multicusp ion source can produce beams of nitrogen ions with greater than 95°/o N+ at a current density of 8mA/cm2, or greater than 90o/o N 2 + at a current density of 2.5 mA/cm2. In order to generate a high N+ concentration, the use of a magnetic filter was found to 
